The Tropospheric Emission Spectrometer (TES) on board NASA's Aura satellite (to be launched mid-2003) will provide measurements of global distributions of ozone, CO, and other key chemical species in the troposphere. In order for TES to meet a design lifetime of five years it has been determined that a global survey strategy with approximately 50% duty cycle must be identified. In this study, simulated concentrations of ozone and CO from the GEOS-CHEM global three-dimensional model of troposphere chemistry are used as a time-varying synthetic atmosphere for demonstrating and assessing the capabilities of TES nadir observations. Autocorrelation analyses of the model species fields for different time lags identify a significant 1-day correlation and support a 1-day-on, 1-day-off observation strategy. Three major steps are then taken to demonstrate and evaluate TES products: (1) species profiles along TES orbit track are sampled from model 3-D, 4-hourly fields with profiles having clouds in the view (>50%) removed; (2) Nadir retrieved profiles ("Level 2 products") are obtained from these "true" synthetic profiles using TES retrieval characteristic functions; (3) Interpolated daily global maps ("Level 3 products") are generated to compare with the original model fields. The latter comparison indicates that the error in the Level 3 products relative to the true fields for ozone and CO is less than 10% in about 70% of cases, and less than 20% in about 90% of cases. The two major sources of error are errors in the retrieval and the errors due to asynoptic orbital sampling.
Introduction
The Tropospheric Emission Spectrometer (TES) is one of four instruments on the NASA EOS Aura satellite scheduled for launch in 2003. TES is an infrared, high spectral resolution Fourier Transform spectrometer (FTS) and will operate in both nadir and limb modes to measure atmospheric profiles [Beer et al., 2001] . One of the primary science objectives of TES observations is to provide concurrent measurements of vertically resolved global distributions of tropospheric ozone and some of its key precursors (CO, H 2 O, NO, and HNO 3 ). In addition to obtaining climatological data for these fields (e.g., monthly global maps), an important science goal is to capture the temporal evolutions of the fields on synoptic scales, such as the export of CO from industrial continents and the evolution of large-scale ozone episodes in the troposphere.
The mechanical movement of the FTS scanning mirrors imposes a limitation on the total number of scans that TES can perform and therefore its operating lifetime. To spread the estimated total number of scans of the interferometer to its design lifetime of five years, the TES science team needs to develop a sampling strategy allowing the instrument to operate in roughly a 50% duty cycle. The evolving fields and the asynoptic sampling (time-location progressing of the observation footprints) create difficulties in understanding the satellite data. Fowler et al. [2000] explored the sampling issues of remote sensing of the Earth radiation budget from multi-platform instruments using the CSU GCM model. In a similar manner, we use here results from the GEOS-CHEM global 3-D model of tropospheric chemistry [Bey et al., 2001 ] to provide quantitative information about the scales of variability of the chemical field of interest to TES, and to allow us to simulate and evaluate the TES product. Our focus is on nadir observations, but the concept and the conclusions can be extended readily to the limb observations. Our approach is to use the GEOS-CHEM model to generate a synthetic "true" atmosphere, and then examine the capability of TES to retrieve this atmosphere. The advantage of using a global 3-D model to define the true atmosphere is that it provides a continuous and internally consistent global view of atmospheric composition including altitude-dependent clouds (which TES cannot see through) and variability at least on synoptic scales. Section 2 provides an auto-correlation analysis of the model fields above. This analysis led to the selection of a 1-day-on / 1-day-off observation pattern. The TES products are then simulated and evaluated in sections 3 to 5. Section 3 describes the TES sampled profiles obtained with TES flying through the "true" atmospheres. Similar to other satellite projects, TES data processing consists of Level 1, Level 2, and Level3. The Level 1 processing is to generate radiometric and spectrally calibrated infrared spectra from measured interferegrams. The Level 2 processing is to extract species profiles in the atmosphere at the TES targets by fitting the spectral radiance of Level 1 output with the radiative transfer model considering the measurement errors, and the reasonable physical constraints (a priori) applied in the retrievals. The Level 3 processing is a step to generate global / regional images of the Level 2 profiles. Section 4 describes the "fast" retrieval results (Level2 data) using TES characteristic functions with the a priori information obtained from the model yearlong data. The retrieval errors are also presented. Section 5 presents the Level 3 global maps for an "on" day and the comparisons of these final maps with the model "true" atmospheres. Section 6 offers a summary and some conclusions.
The GEOS-CHEM model fields
The GEOS-CHEM model provides a synthetic "true" atmosphere for retrieval by the TES algorithm. It is described by Bey et al. [2001] who also present a detailed global evaluation of model results with observations for tropospheric ozone, CO, and related species. The GEOS-CHEM model is driven by assimilated meteorological observations from the Global Earth Observing System (GEOS) of the NASA Data Assimilation Office (DAO), and represents the latest generation of global 3-D models of tropospheric chemistry developed at Harvard University (earlier generations are described by Wang et al. [1998a Wang et al. [ , 1998b , Horowitz and Jacob [1999] , and Mickley et al. [1999] ). It simulates the evolution of 120 chemical species describing tropospheric ozone-NOx-hydrocarbon chemistry. For the present application the horizontal resolution is 4° latitude × 5° longitude, with 14 vertical levels on a sigma (terrain-following) coordinate from the surface to 150 hPa. The simulation is conducted for the full year of 1994 and global fields of ozone and CO concentrations are archived every 4 hours. To facilitate the retrieval process the model results were mapped on to 21 pressure levels between the surface and 100 hPa. As an example, Plate 1a shows a daily average ozone field from the model at 500 hPa for August 15, 1994. Six sequential fields (not shown here) indicate that the large scale features in the ozone field on 500 hPa for this day are nearly stationary. The simulated ozone maximum in the middle troposphere over the Middle East is discussed by Li et al. [2001] and has some support from aircraft observations. It reflects in the model the long-range easterly transport of pollution and lightning outflows from the Indian and East Asian monsoons, combined with strong subsidence over the arid Middle East.
The temporal evolution of the model fields provides crucial information in deciding the sampling frequency needed for TES global survey observations. As illustrated in the next section, the TES daily orbital track progressively covers the entire globe. In the lower troposphere, the nadir retrieved profiles may miss about 55% due to clouds in the view. Based on this reduced coverage and other operational calibration considerations, the limitation of 50% observation duty cycle should not be applied to the observations within a single day. The daily observation without skipping targets is therefore the least contiguous sampling period for a global survey and as illustrated in section 5, it provides needed spatial coverage for generating a global species map. A TES global survey strategy yet to be decided becomes a question of how frequently the daily maps are to be generated under the constraint of a 50% duty cycle. Here we use an objective way as a guide to define this sampling strategy. We examine the autocorrelation at fixed locations of the model O 3 and CO fields for different time lags (1 day, 2 day, etc.). This analysis will tell us quantitatively the variability of the species fields. The autocorrelation coefficient (r k ) for a species at a given location for time lag k-day is defined as
where x t is the model daily average O 3 or CO for day t, N is the number of days considered, and
x is the mean value of x t for the N days. The degree of dependence of one day's species field from a k th earlier day is measured by r k .
We calculated the monthly auto-correlation coefficients (N = number of days in the month) of model ozone and CO at 800 hPa and 500 hPa for time lags of 1-day, 2-days, and 3-days. The coefficients displayed latitudinal dependencies  compared to the global average values, about 30% higher in the tropics and 20% lower in the high latitudes. At 800 hPa, the global averaged monthly auto-correlation coefficients for both ozone and CO are 0.57 ± 0.04 for a 1-day time lag, 0.27 ± 0.03 for a 2-day time lag, and 0.21 ± 0.03 for a 3-day time lag. At 500 hPa, the global averaged coefficients for ozone become 0.51 ± 0.04 for a 1-day time lag, 0.25 ± 0.03 for a 2-day time lag, and 0.20 ± 0.03 for a 3-day time lag, and the coefficients for CO are just about 0.01 larger. These results are very close to those for afternoon ozone measurements from rural areas of the eastern United States [Logan 1989 ].
As expected, the auto-correlation coefficient for the species fields drops as the time lag becomes longer, with the largest drop from a 1-day to a 2-day lag. The correlation of the ozone and CO fields with 2-3 or longer days apart becomes small. This analysis suggests that with the limitation of the satellite orbit progression and the required 50% observation time for TES, a sampling strategy of mapping the global ozone and CO fields every 2-3 days would be appropriate.
The above global model field analysis suggests a "one-day-on" followed by "one-day-off" pattern for TES global survey observations, producing ozone and CO daily global maps every other day. In addition to the routine global survey observations, TES "special observations" will be scheduled for "off" days. These observations will occur only at planned targets, allowing daily sampling of a fast evolving event in a known region and supporting planned validation campaigns.
In the next three sections, we follow three steps to simulate TES final products, the daily global species fields, and to compare them with the model "true" atmospheres.
Sampling the Troposphere along the TES Orbit Track
The EOS Aura polar-orbit is sun-synchronous at 705 km with 98.2° inclination. Each TES observation sequence includes two nadir scans pointing at the same ground location, and three trailing limb scans. For observations taken equatorward of 70° latitude, the local solar times are within three hours after noontime for the ascending track and within three hours after midnight for the descending track respectively. There are 73 observation sequences per orbit and about 14.5 orbits per day. The size of one pixel at nadir is ~5 × 0.5 km and the size of 16 stacked pixels at nadir is ~5 × 8 km.
The TES nadir footprints along the orbit track are used to sample the species profiles from the model fields. The model profiles adjacent to the footprints are linearly interpolated in time and bilinearly interpolated in space to obtain the sampling profile at a TES footprint. Plate 1b shows the TES footprints for one-day (14.56 orbit) colored by the sampled ozone volume mixing ratio at 500 hPa. This plot clearly illustrates the limitations of the spatial resolution of the TES observations. Small features in the species fields (less than ~15° longitude and ~5° latitude) are unlikely to be captured by TES observations. Careful examination of the animations of the model fields shows that small features tend to move fast. Considering that Plate 1b is not a snapshot of the field, the low temporal resolution of the observations also limits the ability of TES to capture the rapidly evolving small-scale features in a field.
The presence of clouds in the TES field-of-view is an issue in profile retrieval. Although the TES science team has developed algorithms to retrieve profiles down to the cloud top in the nadir viewing case, the retrieval results will need careful validation when data become available.
Partial cloud cover in a pixel or in all 16 pixels is especially hard to deal with. In this paper, we assume therefore that there is no retrieved profile at the TES footprint when a cloud is in the field of view as indicated by the GEOS total cloud fraction. We treat the GEOS cloud fraction as a probability that the TES field of view in a given grid square samples a cloudy scene. As an example, figure 1 shows the cloud probabilities above three specified levels for August 15, at 00
GMT. Removing all cloudy scenes ( Figure 1c ) filters out 55% of the observations for this day, a significant reduction. However, large-scale structures in ozone volume mixing ratio are still captured in the samples retained, as shown in Plate 1c.
Simulated Retrievals and Error Estimate on the Sampled Profiles
The model fields, temporally and spatially sampled to the TES orbit track footprints, become the "true" profiles for evaluating TES retrieval products. For operational processing, atmospheric profiles will be retrieved from the spectral radiances according to the process described in the TES Algorithm Theoretical Basis Document (ATBD) (available at the EOS Aura project home page http://aura.gsfc.nasa.gov/) using a nonlinear least squares process. Ideally, to simulate the observing system we would calculate the spectra to be measured, including noise, and then carry out the operational retrieval. However this would be expensive in processor time at the current stage of development of the operational retrieval. An alternative process is to simulate the combination of measurement and retrieval by means of a linear characterization.
Although the retrieval process is nonlinear, this should give a qualitative evaluation of the effect of retrieval on global maps. Rodgers [1990] presents a suitable formalism for this purpose. The retrieved profile x is related to the true profile (x) to first order by a relation of the form
where G is the retrieval gain (contribution function), ε is the measurement noise and A is the averaging kernel matrix. The latter describes the sensitivity of the retrieval to the true state.
Equation (2) The Jacobian matrix K (the derivative of the model spectrum with respect to the species profile), the retrieval gain, G, and the measurement noise covariance, S m , are the key characteristics of TES observations that determine the vertical resolution and the error of the retrieved profiles.
The retrieval gain G depends upon the covariance S a of the prior state about its expected value x a according to e.g., Rodgers [1976] :
We have taken S m to be diagonal.
The advantage of the high throughput (adequate signal to noise ratio) of the Fourier transform spectrometer makes high spectral resolution measurement of a large spectral range possible, ideal for tropospheric / stratospheric species profile measurements. Detailed discussions of the TES radiative transfer forward model, nadir retrieval simulations, and error analyses are found in Clough et al., [1995] and Bowman et al., [2001] . Here the TES forward model is used to evaluate the Jacobian matrix K at x a . The use of a priori covariance (S a ) or other implicit constraints for retrieval are necessary to obtain physically meaningful results for the ill-posed profile retrieval problem.
For our simulations, the appropriate sources of x a, and S a are the annual statistics of the threedimensional model results. We chose not to include seasonal information in the prior state, as this may be misleading, for example with regard to the timing of biomass burning events. Gross latitudinal variation was included, however. We chose four latitude bands for which to calculate the annual mean state, 
The summation is over all model profiles within the latitude band, and n is the total number of data points. It might be expected that, as the model has 14 levels and the retrieval is at 21 levels, the prior covariance would be of rank 14, and therefore singular. However, since the model uses sigma levels, which vary in pressure from one profile to another, and an interpolation is performed in ln(q) on lnp before the data is used, this is not the case. However, variability at scales smaller than the model resolution cannot be well captured by this S a .
The prior information for the four latitude bands is used to calculate the parameters of the simulated retrieval, equation (2) for all the simulations. If measurements from up to 16 pixels are averaged for nadir retrievals, the random measurement error will be reduced by a factor of 0.25. The Jacobian matrices K are calculated for the four latitude bands using the appropriate x a .
Figure 2 (c) illustrates an example of the averaging kernel matrix, A = KG, used for retrieval simulations in equation (2). The rows of A matrix are plotted against pressure for every other retrieval pressure levels between 1000 hPa and 100 hPa. Each averaging kernel profile is used to vertically smooth the true profile for a given retrieval level as indicated in equation (2).
The total retrieval error covariance is estimated according to e.g. Rodgers [1976] :
This error includes the contribution from measurement noise, together with the smoothing error corresponding to the variability of the profile that can be represented in the model data but cannot be determined from the observations.
The fast retrieval (equation 2) is applied to all the sampled profiles at TES footprints that are cloud free. A total of over 170,000 "retrievals" per species per year were performed in this way, to become our simulated Level 2 products. To validate the process we also carried out "real" simulated retrievals using the TES prototype retrieval code for a small sample of profiles. The majority of the results agree very well with the simulations. The rms are calculated using over 170,000 retrievals. As expected, the agreement between the rms error and the estimated ¶ S is excellent. In general, the retrieval error for annual averaged ozone in a wide latitude band is 8-15% from about 800 hPa to 200hPa with higher values near the surface and the tropopause. Using 16-pixel averaged measurements, this retrieval error can be reduced to 5-10% in most parts of the troposphere.
Knowledge of the vertical resolution or the number of vertically independent pieces of information in the retrieved species profile is important to understand the TES products and the estimated errors. This vertical resolution can be described as the width of the row of the averaging kernel matrix, A. Equation (2) indicates that the retrieved profile is the sum of the smoothed true profile via the rows of A and other two terms. As illustrated in Figure 2 (c) the width of the averaging kernel for the simulated ozone retrieval here is about 5-8 km in the troposphere. We therefore estimate that among 21 levels used to represent the ozone profile in the troposphere, there are only 2-3 pieces of independent information.
Level 3 Mapping and Comparison to the Model Fields
Global image maps of the species field at a constant pressure level (or constant potential temperature level) will be the core products from TES Level 3 processing. These Level 3 maps are mainly for data browsing. Similar to all the remote sensing observations from a polar-orbit satellite, TES footprints cover most latitudes in about a day. Studies in this paper (section 3)
show that the TES nadir coverage in the lower troposphere is complicated by about 50-60% of data being lost due to clouds in the view. As an example, Plate 2a shows the TES nadir footprints for the August 15 model fields with colors representing the retrieved ozone mixing as described in section 4. An important consideration in producing a global image from the data in Plate 2a is that there is an offset of up to a day between the different data points. Several techniques exist to generate quasi-synoptic maps from the above described asynoptic observations [Salby, 1982] . They can be generalized as time-space interpolation. This step of processing imposes smoothing to the time/space evolutions of the fields and it has difficulty in dealing with data gaps. Data assimilation with a global 3-D tropospheric chemistry model such as GEOS-CHEM would provide a solution but it is a complex undertaking and inappropriate for a browse product. In this study we use a simple interpolation algorithm described below to generate daily gridded Level 3 data, ignoring timing offsets. The Level 3 grid is defined to sample the field structures captured by the orbit footprints, for example, a 5° longitude × 2°l atitude grid is a reasonable selection for a daily map considering the TES sampling spatial resolution. First, Level 2 data are accumulated for a period of time, e. g., one-day observations shown in Plate 2a. Then a bin box centered at the specified Level 3 grid is defined. The Level 2 data within the range of the bin are used for averaging and each data point is weighted by a 2-D Gaussian function centered at the Level 3 grid point. In the case of no Level 2 data in the bin box there will be no Level 3 data at that grid point. As an example, Plate 2b shows the Level 3 map for ozone mixing ratio at 500 hPa using the one-day Level 2 data shown in Plate 2a.
The difference between the binned data and the model fields should give us a semi-quantitative idea of the magnitude of the errors due to three major sources, the TES orbit sampling, the Level 2 retrieval, and the Level 3 mapping. As an example, the percent differences of the Level 3 global map (Plate 2b) from the model daily average field (Plate 1a) for the ozone field at 500 hPa on August 15 is shown in Plate 3. It is important to point out that the error field seems to be random -it shows no significant patterns, such as the orbit track, nor does it correlate with the original field. A quantitative analysis for this error field (Table 1 , 1 st column) shows that for about 75% of the global area, the percent difference between L3 and model is less than 10% (Table 1, 4 th row); and for another 15% of the global area, the percent difference is 10-20% (Table 1, 5 th row). The ozone retrieval error at this pressure level (500 hPa) is about 10% (Figure   3 ). To account for the model field variability in its daily map, we have calculated the percent rms of the departure of the 6 daily 4-hour fields from the daily average field (Table 1, 1   st   and 2 nd rows). For about 90% of the global area, this rms difference is less than 10%, while for about 8% of the global area this rms difference is about 10-20%. These values perhaps represent the maximum error due to the TES orbit sampling of the ozone field and the assumption of a constant field. The error due to the Level 3 mapping described here does not seem to be significant, and it can be reduced by using smaller bin size, while sacrificing the visual appearance.
Two more examples of the comparisons of the Level 3 maps and the "true" model fields are shown in Plate 4, and the statistical errors are included in Table 1 Table 1 show the simulation for the ozone field at 800 hPa on August 15.
Although the macro structures of the field are captured by the global Level 3 map, the strength of the ozone sources due to biomass burning in the two southern continents are under-estimated by the simulated TES data. Of all the possible reasons listed above, the retrieval error for this high ozone case near the surface is the major reason. With only 2-3 pieces of information vertically in the tropospheric retrieved profiles, the variability represented in the model profiles is vertically smoothed in the retrieval process of the observations. Such ozone profiles departing from the regional climatology impose challenges to TES retrieval algorithms, including the proper ways of using a priori profiles and the smoothness constraints to the profiles. Another example shown in Plate 4c-d and Table 1 The tools and analyses described in this paper allow the TES science team to make decisions on the sampling strategies for the global survey observations. A one-day global map seems to capture adequately the macro features in the ozone and other slowly varying fields, such as CO, H 2 O and temperature, even with about 55% data missing due to clouds. Although the measurement accumulated for a longer period (e.g., two-days or more) should fill some of the empty areas, it will increase the error in these Level 3 maps due to the temporal variation of the true field.
Summary and Conclusions
This paper uses results from the GEOS-CHEM global 3-D model of tropospheric chemistry as a synthetic atmosphere to define the TES global observational strategy and to investigate the ability of TES observations to capture the tropospheric structure of ozone and CO. A significant auto-correlation at 1-day is identified from the model fields in the troposphere (coefficient = 0.5-0.6). This coefficient is a factor of two smaller for 2-day or longer time lags. Considering the limitation of a 50% duty cycle, this study suggests a sampling strategy of one-day-on followed by one-day-off for TES global survey observations. The model fields along with the corresponding cloud information are used to generate simulated TES products. First, the spatio-temporal interpolations are done for the species fields along the TES orbit track so that the profiles at the TES footprints are extracted. Then the model cloud fields are used to identify the footprints where there is cloud in the field of view of the instrument. Although the cloud top levels for those footprints are also known, in the examples shown in this paper we simply remove all cloudy profiles. This conservative approach is based on the expectation that retrieval in cloudy atmosphere will need extensive validation after launch. The next step is to perform retrievals to generate global Level 2 products. An approximate retrieval based on those "true" profiles and the TES characteristic functions is performed for a whole year's data. This procedure is basically to smooth the "true" profile vertically by the averaging kernels and to add the effect of the instrument noise. The application of necessary smoothing results 2-3 pieces of independent information for a retrieved ozone profile in the troposphere. An error analysis is also provided, and for most of the troposphere, this error is about 10-15% using the single pixel noise. The last step is to produce Level 3 species maps and to compare with the "true" time-varying model field.
A simple Gaussian function weighted binning method is used to generate Level 3 data. The daily global Level 3 maps for the ozone and CO fields are compared to the model fields.
The pre-launch quantitative assessments of simulated TES final products compared to the model fields used as "true" atmosphere are useful in planning the observation strategy. This study also offers an example for future TES data users to better understand the limitations and the error sources of the data and the global maps. Based on this study and other sources of inputs, 1-day-on and 1-day-off alternate mode has been identified as the TES primary sampling strategy for global surveys. Global daily maps for tropospheric species, such as ozone, CO, and H 2 O will be generated for every other day.
Salby, M. L., Sampling Theory for asynoptic satellite observations. Part I: Space-time spectra, resolution, and aliasing, J. Atmos., Sci., 39, 2577 Sci., 39, -2600 Sci., 39, , 1982 Plate 2. The global ozone volume mixing ratio (vmr) fields at 500 hPa for August 15: (a) retrieved ozone vmr at TES nadir footprints using a fast retrieval algorithm described in section 3; and (b) the global Level 3 map obtained using a simple Gaussian weight binning method. This
Plate is the continuation of Plate 1. Some statistics comparing the Level 3 image (Plate 2b) and the original model image (Plate 1a) are in 
